Introduction
The genus cardiovirus belongs to the picornavirus family and contains the members encephalomyocarditis virus (EMCV), mengovirus and Theiler's murine encephalomyelitis virus (TMEV). Its genome consists of a 7n8 kb single-stranded RNA molecule of positive polarity and contains a large 5h untranslated region (5h UTR). The 5h UTR contains an internal ribosome entry site from which virus translation is initiated in a cap-independent manner. The RNA genome is functionally equivalent to cellular mRNA and encodes a single polyprotein of approximately 220 kDa, which is co-and post-translationally processed by virus-encoded proteolytic activities (reviewed by Rueckert, 1996) . Among the various genera of the picornaviruses, distinct patterns of polyprotein processing can be discerned. Although the viral 3C protease (3C pro ) Author for correspondence : Jan Zoll. performs most of the cleavages in the polyprotein, picornaviruses differ with respect to the primary cleavage event. In enteroviruses and rhinoviruses, 2A protease (2A pro ) cotranslationally cleaves at the P1-P2 junction. The aphthovirus 2A protein consists of a small peptide of 19 amino acid residues. The small aphthovirus 2A peptide is homologous to the Cterminal part of cardiovirus 2A protein. The polyproteins of aphthoviruses and cardioviruses exhibit a very rapid cleavage of the 2A-2B junction, mediated by the C-terminal part of 2A, resulting in an L-P1-2A precursor, whereas the P1-P2 cleavage is performed later by 3C pro activity (Parks et al., 1989 ; Palmenberg et al., 1992 ; Ryan et al., 1991) . Aphthoviruses and cardioviruses also encode an N-terminal leader peptide (L). The aphthovirus leader possesses proteolytic activity and cleaves itself cotranslationally from the polyprotein, whereas in cardioviruses the L-P1 junction is cleaved by 3C pro .
Both enterovirus and rhinovirus 2A pro , and aphthovirus L pro , also cause the proteolytic degradation of eukaryotic translation initiation factor 4G (eIF4G), a component of the cap-binding complex eIF4F (Kirchweger et al., 1994 ; Liebig et al., 1993 ; Merrick, 1992) . Proteolysis of eIF4G affects capdependent translation initiation and therefore contributes to the virus-induced shutting off of host-cell translation. Translation initiation of the viral RNA occurs through a capindependent mechanism and will therefore not be affected by eIF4G cleavage (Rueckert, 1996) . Both viral proteases have also been found to function as enhancers of virus translation (Hambidge & Sarnow, 1992 ; Ziegler et al., 1995 a, b) and enterovirus 2A pro may also play a role in viral RNA replication (Molla et al., 1993) . The cardiovirus L and 2A proteins do not exhibit proteolytic activity and are structurally unrelated to other picornavirus L and 2A proteins. However, we recently demonstrated that the cardiovirus leader peptide is also involved in the inhibition of host-cell protein synthesis (Zoll et al., 1996) , although the mode of action is still unknown. The function of cardiovirus protein 2A is still unknown. EMCV 2A has been found to have nonspecific RNA-binding properties and to be associated with ribosomes isolated from infected cells (Medvedkina et al., 1974) .
To examine the functional requirements of cardiovirus 2A for virus reproduction, we generated a series of mutants with overlapping deletions within the 2A-encoding region of a cDNA clone of mengovirus. We also constructed a chimera in which the mengovirus protein 2A was replaced by TMEV protein 2A. Apart from the effects on virus translation and replication, protein 2A mutations caused a decreased efficiency in the processing of the VP1-2A bond. To further characterize the effects of the VP1-2A cleavage efficiency on the L-P1-2A processing cascade, mengovirus protein 2A was replaced by the coxsackie B3 virus 2A protease (CBV 2A pro ), in which the mengovirus VP1-CBV 2A pro junction is cotranslationally cleaved by CBV 2A pro .
Methods
Cells and viruses. Mouse fibroblasts (L929 cells) were used for RNA transfections, virus propagation and virus titrations. Virus yields were determined by end-point titration. Serial 10-fold dilutions were tested eight times in 96-well plates containing L929 monolayers (Schmidt, 1979) . Virus titres were calculated according to the method of Reed & Muench (1938) and expressed as TCID &! values (Reed & Muench, 1938) .
Construction of the 2A deletion mutants. Pairs of endonuclease restriction sites were introduced in the 2A-encoding region of the mengovirus cDNA clone pM16.1 (Duke & Palmenberg, 1989) by sitedirected mutagenesis, using specific oligonucleotides as previously described (Zoll et al., 1996) . For construction of the deletion mutants, the following endonuclease restriction sites (which are underlined) were introduced. A BsaBI site at position 3509 using the oligonucleotide 5h GAA GCC AGGATTTTCATC CAT GGC CAG CTT TGG 3h ; a BsaBI site at position 3572 using the oligonucleotide 5h CTT AGG TCA AAG ACGATACAAATC AGC TTC CTG 3h ; a SnaBI site at position 3645 using the oligonucleotide 5h TTA AAC CCC TGG AAG AGTACGTAT CAG GCA GTT TTG 3h ; a HpaI site at position 3668 using the oligonucleotide 5h CAG GCA GTT TTG CGT GGTTAACCC CAT CGG GTG 3h ; a BsaBI site at position 3693 using the oligonucleotide 5h CGG GTG ACC ATG GATGTGTATCAC AAG AGA ATA AGG 3h ; and a SnaBI site at position 3774 using the oligonucleotide 5h GAG AAT GTT TTT GGTACGTAT CAT GTC TTC GAA AC 3h. Deletions were obtained by digestion with the appropriate restriction enzymes and subsequent self-ligation. Using this approach, four mutants with specific in-frame deletions in the 2A region were generated (Fig. 1) . The constructs were verified by sequence analysis using the Ampli Cycle sequencing kit (Perkin Elmer) as instructed by the manufacturer.
Construction of the mengovirus 2A/TMEV 2A chimera. For the substitution of the 2A-encoding region of pM16.1 by the TMEV 2A-encoding region, silent mutations were introduced in pM16.1 at the VP1-2A junction with the oligonucleotide 5h GCA GGA GTT CTT ATG CTCGAG AGC CCC AAC CCT TTG 3h. This resulted in the construct pM16.1(XhoI 3416), in which a unique XhoI site was created at position 3416 of pM16.1. The 2A-encoding region from position 3826 to 4221 of the cDNA clone pDAFL3 (from the DA strain of TMEV ; was amplified by PCR with ULTma DNA polymerase according the manufacturer's instructions (Perkin Elmer). The TMEV 2A region was amplified with forward primer 5h ATT CTC GAA CTCGAG AAT CCT GCC GCT TTC 3h, which included a XhoI restriction site, and reverse primer 5h CTG CAC AGG CCCGGG ATT CAT TTC CAC ATC 3h, which included a SmaI restriction site. The PCR product was digested with XhoI and SmaI and cloned into pM16.1(XhoI 3416) digested with XhoI (position 3416) and SmaI (position 5381). The result was the chimeric cDNA clone pM16.1-2A\T2A (Fig. 2 a) . The chimeric construct was verified by sequence analysis.
Construction of the mengovirus 2A/CBV 2A chimera. For the substitution of the 2A-encoding region by the CBV 2A-encoding region, an HpaI site was introduced into pM16.1 at position 3410 with the oligonucleotide 5h GGG GCT TTC AAG CAT GTTAAC TCC TGC TCT AGG 3h. The 2A-encoding region of the cDNA clone pCB3\T7 from CBV (Klump et al., 1990) was amplified as described above with forward primer 5h AGC ATC ACT GAGCTC ACA AAT ACG GGC GCA TTT 3h, which included an Ecl136II restriction site, and reverse primer 5h CAC ATA GTC CCCGGG TCC CTG TTC CAT TGC ATC 3h, which included a SmaI restriction site. The PCR product was digested with Ecl136II and SmaI and cloned between the HpaI (position 3410) and SmaI (position 3848) restriction sites of pM16.1. The result was the chimeric cDNA clone pM16.1-2A\CB2A (Fig. 2 b) . The chimeric construct was verified by sequence analysis.
In vitro transcription and transfection. Plasmids were linearized by digestion with SalI and transcribed in vitro by T7 RNA polymerase with the Riboprobe in vitro transcription system as instructed by the manufacturer (Promega). L929 cells were transfected with 4 µg RNA transcribed in vitro by the DEAE-dextran method (Melchers et al., 1997) . Briefly, copy RNA in a volume of 20 µl was mixed with 150 µl HEPESbuffered saline solution (containing 20 mM HEPES pH 7n05, 137 mM NaCl, 5 mM KCl, 0n7 mM NaH # PO % and 5n5 mM glucose) and 150 µl 1 mg\ml DEAE-dextran in HEPES-buffered saline solution and incubated on ice for 30 min. L929 cells grown in 25 cm# flasks were washed three times with PBS pH 7n4 and incubated with the RNA\DEAE-dextran mixture at room temperature for 30 min. Monolayers were washed three times with PBS and subsequently incubated at 36 mC in the appropriate cell culture medium. Once virus growth was observed, cells were incubated until the cytopathic effect (CPE) was complete. When no CPE was observed before 5 days after transfection, the cell cultures were subjected to three cycles of freezing and thawing and 250 µl was subsequently passaged to fresh L929 cell monolayers. When the CPE was complete, the cultures were subjected to three cycles of freezing and thawing before storing 1 ml aliquots of virus at k80 mC. The nature of (Prevelige & Fasman, 1989) . α, α-helix-forming amino acid residues ; β, β-strand-forming amino acid residues ; B, BsaBI ; H, HpaI; S, SnaBI. the 2A-encoding regions in transfected cells was examined by RT-PCR as previously described (Zoll et al., 1994) . When no CPE was observed 5 days after passage, the mutations were considered to be lethal.
In vitro translation.
In vitro translations were performed with nuclease-treated rabbit reticulocyte lysate (Promega) containing 5 µg\ml in vitro transcribed copy RNA, 100 mM potassium thiocyanate, and 1 µCi\µl [$&S]methionine (Amersham). Translation mixtures were incubated at 30 mC. In vitro protein synthesis was analysed by SDS-PAGE and autoradiography (van Kuppeveld et al., 1995) .
Single-cycle growth curves. Monolayers (25 cm#) of L929 cells were inoculated with virus at an m.o.i. of 1 TCID &! per cell. Virus suspensions were replaced by fresh culture medium after 30 min adsorption at 36 mC. Cells were disrupted by three cycles of freezing and thawing at specific times post-infection and virus titres were determined (Zoll et al., 1996) .
Analysis of protein synthesis in vivo.
Monolayers (2n5 cm#) of L929 cells were inoculated with virus at an m.o.i. of 50 TCID &! per cell. Virus suspensions were replaced by fresh medium after 30 min adsorption at 36 mC. Monolayers were washed three times with PBS pH 7n2 at various times post-infection and incubated for 1 h with methionine-free medium containing 10 µCi\ml [$&S]methionine (Amersham). Cellular extracts were prepared by lysis with a buffer containing 0n5 M Tris-HCl pH 8n0, 0n15 M sodium chloride, 1 % NP40, 0n05 % SDS and 0n1 mM PMSF. Protein synthesis was further analysed by SDS-PAGE and autoradiography.
Analysis of viral RNA synthesis. Monolayers (2n5 cm#) of L929 cells were inoculated with virus at an m.o.i. of 50 TCID &! per cell. Virus suspensions were replaced by fresh medium after 30 min adsorption at 36 mC. At various times post-infection, total RNA was isolated from the cells with the guanidinium thiocyanate-phenol-chloroform method as described by Chomczynski & Sacchi (1987) . RNA was dissolved in 20 µl distilled water and used for dot blot analysis (Ausubel et al., 1995) . The mengovirus cDNA clone pM16.1 was labelled with [α-$#P]dATP (Amersham) by nick translation (Ausubel et al., 1995) . After hybridization, RNA spots were cut out and measured for radioactivity in a liquid scintillation counter.
Results

Construction of mengovirus 2A mutants
Computer analysis of the amino acid sequences of the cardiovirus 2A proteins was used to predict secondary structural elements within this protein. Although related proteins with known secondary or tertiary structure have not been described so far, it is possible to calculate secondary structures with a reliability of 70 % based on the amino acid sequences alone, according to the Chou-Fasman method (Prevelige & Fasman, 1989) . The predicted secondary protein structure of mengovirus 2A reveals several alternating α and β structures (Prevelige & Fasman, 1989) (Fig. 1) . The introduction of couples of restriction sites, followed by specific restriction endonuclease digestion and self-ligation, resulted in four mutants with overlapping deletions in 2A (Fig. 1) . In the deletion mutants, segments coding for individual (or for clusters of) predicted secondary structural elements were deleted (Fig. 1) . In pM16.1∆2A1 and pM16.1∆2A2, the predicted α-helical structures 1 (position 34 to 46) and 2 (position 77 to 83), respectively, were deleted. Constructs pM16.1∆2A3 and pM16.1∆2A4 have overlapping deletions but lacked the coding regions for both α-helical structure 2 and β structure 2 (position 85 to 93), and for the α\β structure (position 99 to 122), respectively. In order to preserve the VP1-2A and 2A-2B cleavage sites, 30 N-terminal and 26 Cterminal amino acid residues were retained in all deletion constructs.
Mengovirus and TMEV are both cardioviruses. Despite the apparent genetic relationship between these two viruses there is only a limited similarity of 19 % between their 2A proteins. The effect of substituting TMEV 2A protein for mengovirus 2A protein was examined with the chimeric construct pM16.1-2A\T2A. In this construct the complete 2A-encoding region of pM16.1 was replaced by the 2A-encoding region from the TMEV DA strain (Fig. 2 a) .
Effects of mutations on polyprotein processing
Polyprotein processing of wild-type and deletion mutant constructs was examined by in vitro translation. A time-course of the wild-type polyprotein processing is shown in Fig. 3 (a) . Formation of the various proteins was quantified by densitometry (Fig. 4 a, d ). Primary cleavage in cardiovirus polyprotein processing occurs cotranslationally, at the 2A-2B junction, and an L-P1-2A precursor is formed. This precursor was visible after translation for 30 min (lane 2 in Fig. 3 a ; Fig.  4 a) . Nonstructural P3 proteins appeared after 40 min (lane 3 in Fig. 3 a ; Fig. 4 d) . Thereafter the processing of the L-P1-2A protein further proceeded to P1-2A after 50 min (lane 4 in Fig.  3 a ; Fig. 4 a) and P1 and VP4-VP2-VP3 after 60 min (lane 5 in Fig. 3 a ; Fig. 4 a) . Finally, the viral capsid proteins VP0, VP1 and VP3 were formed after 80 min (lanes 7, 8 and 9 in Fig. 3 a) . Processing of the nonstructural protein could be followed after 40 min (Fig. 4 d) . Protein 2C was already visible at 40 min and accumulated until the experiment was terminated after 3 h. The P3 protein accumulated until 80 min, after which time it was rapidly processed into 3CD and 3D (Fig. 4 d) .
Analysis of the polyprotein processing of the deletion mutants showed that the formation of the capsid proteins and their precursor was severely disturbed (Fig. 3 b) . Polyprotein processing was affected in an identical manner by all deletions introduced in 2A. As an example, Figs 3 (b) and 4 (b, e) show the time-course of the in vitro translation of pM16.1∆2A2 RNA and viral protein formation. As in wild-type virus RNA translation, the L-P1-∆2A protein appeared after 30 min of translation and accumulated until 50 min, whereafter it was processed into L and P1-∆2A. However, in contrast with the wild-type situation, the processing of the P1-∆2A and consequently the P1 proteins was impaired. Only after 100 min of translation, were minor amounts of P1 and VP4-VP2-VP3 formed (lanes 8 and 9 in Figs 3 b and 4 b) . Formation and processing of the nonstructural 2C and P3 proteins were similar in the wild-type and 2A deletion mutants (Fig. 4 e) .
The chimeric construct pM16. is similar to the processing of other cardioviruses . The processing of the chimeric construct pM16.1-2A\T2A was also examined by in vitro translation (Fig. 3 c) .
The formation of the L-P1-T2A and P1-T2A proteins was similar to the mengovirus wild-type (Fig. 3 a) . Surprisingly, as for the 2A deletion mutants, further processing to P1 and mature capsid proteins was disturbed. Formation and processing of the nonstructural proteins were not affected in the TMEV 2A chimeric construct. The results obtained with the 2A deletion mutants and the TMEV chimeric constructs indicate that processing of the P1-2A bond is sensitive for any conformational disturbance within the 2A region. Protein 2A mutations cause a decreased efficiency in the processing of the VP1-2A bond. To further characterize the effects of the VP1-2A cleavage efficiency on the L-P1-2A processing cascade, mengovirus protein 2A was replaced by CBV 2A pro .
In the chimeric construct pM16.1-2A\CB2A, the mengovirus 2A-encoding region was replaced by the CBV 2A proencoding region (Fig. 2 b) . The amino acid sequence flanking the VP1-2A junction in this chimera represented the original CBV 2A pro recognition site (LTNTG) in which the cleavage occurs between the threonine and glycine residues (Klump et al., 1990) . The 2A-2B junction consisted of a mengovirus 3C pro recognition site (Hall & Palmenberg, 1996) . Therefore the polyprotein processing of the mengovirus\CB2A chimera resembled that of the entero-and rhinoviruses. Analysis of the in vitro translation and processing of the CBV 2A pro chimeric construct pM16.1-2A\CB2A revealed that the VP1-CB2A junction was indeed cotranslationally cleaved. Consequently, no L-P1-CB2A intermediate could be found (Figs 3 d and 4 c) . The L-P1 protein was processed into L and P1. However, the processing of the resulting P1 protein was completely blocked. After 30 min of translation, CBV 2A protein was accumulated, indicating that processing of the novel cleavage site at the 2A-2B junction by mengovirus 3C pro occurred efficiently. Formation and processing of the other P2 and P3 nonstructural proteins was unchanged (Figs 3 d and 4 f) .
Effects of the mutations on virus growth
The effects of the substitution of the 2A protein and the deletions constructed within the mengovirus 2A-encoding region on virus growth were studied by transfection of L929 cells with copy RNA. Virus was obtained upon transfection of copy RNAs transcribed from the wild-type cDNA (pM16.1), the TMEV 2A chimeric construct pM16.1-2A\T2A, and the 2A deletion constructs pM16.1∆2A1 and pM16.1∆2A2. CPE was complete at approximately 8 h post-infection with either wild-type virus or mutant viruses. The 2A products formed in deletion mutant virus-infected cells were examined by RT-PCR of the corresponding ∆2A-encoding regions. PCR products with correct sizes were recovered from cells infected with either deletion mutant. No viable viruses were obtained after transfection of copy RNA from the CBV 2A chimeric construct pM16.1-2A\CB2A and with the 2A deletion constructs pM16.1∆2A3 and pM16.1∆2A4.
Virus growth kinetics were measured by single-cycle growth curves (Fig. 5) . The TMEV 2A chimera vM16.1-2A\T2A reached a maximum virus titre at 8 h post-infection of approximately 25 % compared to wild-type virus. The maximum virus titres, reached at 8 h post-infection with the viable 2A deletion mutants, were approximately 2 % of the wild-type virus titre.
Effects of the mutant virus infection on protein synthesis in vivo
Protein synthesis in cells was measured after infection with wild-type and mutant viruses (Fig. 6) . At different times after infection, as indicated above the lanes, the cells were [$&S]methionine-labelled for 30 min. Protein synthesis was analysed by SDS-PAGE. Infection of L929 cells with wild-type mengovirus resulted in the inhibition of host-cell protein synthesis after 4 h post-infection, whereas viral protein synthesis continued until at least 7 h post-infection (Fig. 6 a) .
Shut off of host-cell protein synthesis in cells infected with vM16.1-2A\T2A, vM16.1∆2A1 and vM16.1∆2A2 was similar to the wild-type virus situation. Host-cell protein synthesis continued until approximately 4 h post-infection, whereafter mutant viral protein production continued until 7 h postinfection. However, although the shut off of host-cell protein synthesis was very efficient, the level of viral protein synthesis was decreased compared to the wild-type virus protein production (Fig. 6 b, c) .
Effects of the 2A deletions and TMEV 2A substitution on viral RNA synthesis
To analyse the influence of protein 2A on viral RNA synthesis, L929 cells were either mock-infected or virusinfected at an m.o.i. of 50. At 2, 4, 6 and 8 h post-infection, total RNA was isolated from the wild-type or mutant virusinfected cells, dot-spotted and hybridized with a labelled viral probe. The amount of incorporated radioactivity in individual spots was taken as a measure of RNA synthesis. Mean values of results of this experiment, which was reproduced twice, are shown in Fig. 7 . Viral RNA synthesis in wild-type virusinfected cells increased between 4 and 8 h post-infection (Fig.  7) . Mutant and chimeric virus-infected cells produced less viral RNA than wild-type virus-infected cells. At 8 h post-infection, RNA production in vM16.1∆2A1-and vM16.1∆2A2-infected cells was 50 and 75 %, respectively, of that of wild-type virus RNA production, whereas RNA production in vM16.1-2A\T2A-infected cells was 50 % of that of wild-type virus RNA production. These results indicate that deletions within the 2A-encoding region cause a decrease in viral RNA synthesis. These results also show that TMEV 2A activity cannot substitute for the mengovirus 2A activity. The decreases in viral RNA production and virion formation were analysed in a single cycle of virus replication, and may therefore be due not only to the hampered processing of the VP1-TMEV 2A bond, but also to a reduced functional activity of TMEV protein 2A in the reproductive cycle of mengovirus.
Discussion
In our study of the biological functions of cardiovirus protein 2A, we were confronted with severe processing defects in the capsid precursor, caused by any mutation in the 2A protein itself. In vitro translation revealed that the processing of the P1-2A junction was affected in all 2A deletion mutants. In contrast with P1-2A processing in enteroviruses, the cleavage at the P1-2A junction of cardioviruses is catalysed by the viral 3C protease (Palmenberg et al., 1992) . Recently it was demonstrated that mutations in the C-terminal region of cardiovirus 2A, which is required for correct cleavage of the 2A-2B bond, also affected the processing of the VP1-2A junction (Hahn & Palmenberg, 1996) . They suggested that an abrogated primary cleavage prevents the sequential exposure of the natural 3C pro cleavage sites within the capsid precursor protein. The proper formation of this precursor protein is obligatory in this process (Hahn & Palmenberg, 1996) . We also found that the VP1-2A bond was less efficiently cleaved in our mutants despite a correct and efficient primary cleavage.
Despite the limited similarity between the mengovirus and TMEV 2A proteins, the primary cleavage in polyprotein processing and the subsequent processing cascade of the L-P1-2A precursor are similar in both viruses. Although the fulllength TMEV 2A protein was present in the pM16.1-2A\T2A chimera, the cleavage of the VP1-2A bond demonstrated a decreased efficiency compared to the wild-type mengovirus situation. Differences in tertiary structure between the mengovirus and TMEV 2A proteins may cause reduced accessibility of the VP1-2A cleavage site, similar to the proposed conformational changes in the 2A deletion mutants.
To further investigate the importance of the sequential processing of the L-P1-2A precursor, we generated a chimeric construct, pM16.1-2A\CB2A, in which the 2A region was replaced by the CBV 2A pro -encoding region. Processing of the VP1-2A site occurred cotranslationally and appeared to be highly efficient. Hence, no L-P1-2A intermediate was formed and the observed capsid protein precursor was formed by the L-P1 protein. Free CBV 2A pro was formed as soon as the mengovirus 3C pro activity became available. The resulting L-P1 precursor was further processed to mature L and a P1 polypeptide. Surprisingly, further processing of the P1 precursor was completely abolished. Even after prolonged incubation times, no mature capsid proteins could be observed. Truncation of the capsid precursor appeared to be inhibitory to the P1 processing cascade. Hence, not only proper primary 2A-2B cleavage is essential for the conformational status of the 2A region, but also the 3C pro -mediated processing of the VP1-mengovirus 2A bond is necessary for the formation of a correctly folded P1 cleavage product. This implies that cleavage of mengovirus 2A by 3C pro activity may induce a conformational transition necessary for the subsequent exposure of the other functional 3C pro cleavage sites within polypeptide P1. A chimeric virus in which the mengovirus leader is replaced by the foot-and-mouth disease virus (FMDV) leader protease exhibits a cotranslational cleavage of the L-P1 bond (unpublished results). The generated P1-2A capsid precursor is efficiently processed into mature capsid proteins. Hence, the proteolytic cascade of the L-P1-2A precursor depends on the proper processing of the VP1-2A bond, but not on the cleavage of the L-P1 bond.
Among the various genera of the picornaviruses, distinct patterns of polyprotein processing can be discerned. Primary cleavage releases the P1 precursor of the structural proteins from the nonstructural proteins, whereas further processing is executed via a cascade of intramolecular proteolytic steps. This cascade of polyprotein processing could serve to regulate viral gene expression. Since each released viral protein or polyprotein precursor is presumed to contribute to the reproduction of the virus, the temporal release of these precursors may be essential to the replication cycle of the virus (Blair et al., 1993) . The temporal release of the cardiovirus 2A protein may be a reflection of its necessity in later stages of the infectious cycle.
The processing of the 2A-2B junction and consequently the production of nonstructural proteins were not affected in our deletion mutants. This is consistent with the finding of Palmenberg and co-workers who demonstrated that deletion of two-third of the N-terminal part of cardiovirus 2A had no effect on the cleavage of the 2A-2B junction (Palmenberg et al., 1992) . The C-terminal part of 2A, which is similar to the 2A peptide of aphthovirus, is essential for cleavage of L-P1-2A from the other, nonstructural P2-P3 proteins (Palmenberg et al., 1992 ; Donnelly et al., 1997) . Transfection of cells with the deletion mutant RNAs resulted in the viable mutant viruses vM16.1∆2A1 and vM16.1∆2A2, in which respectively one or two predicted α-helices in the N-terminal half of the protein were completely deleted. The other two 2A deletion mutants appeared to be lethal. The secondary and tertiary structures of the 2A protein are still unknown. Therefore it is difficult to predict the consequences of partial deletions of the protein on its final conformation. Apparently, deletions in the N-terminal part reduce the accessibility of the VP1-2A bond, whereas deletions in the rest of the 2A protein will affect the VP1-2A cleavage efficiency to such an extent that viable viruses can no longer be obtained.
Shut off of host-cell translation was similar in cells infected with both mutant and wild-type virus. Hence, mengovirus 2A is not involved in host-cell translation shut off. However, analysis of the growth characteristics showed that the production of mutant virus is reduced compared with wildtype virus production. The reduced production of mutant virus is caused by both a reduction of viral protein and RNA synthesis, and a reduction of viral particle formation due to the hampered processing of the P1 capsid precursor. Equal and high m.o.i.s of wild-type and mutant viruses were used during the assays for virus protein and RNA synthesis in a single cycle of virus replication. Therefore the observed decreases in viral protein and RNA synthesis do not depend on the amount of viral capsid proteins produced, but directly reflect the role of the 2A protein in the virus life cycle. Kong et al. (1994) have previously found that the leader peptide of TMEV can functionally be substituted by the EMCV counterpart. To examine whether the TMEV 2A protein can also take over the mengovirus 2A function, a chimeric cDNA was constructed. The chimeric virus demonstrated a decrease in virus production to 25 % compared to wild-type virus production. Analysis of protein synthesis in virus-infected cells revealed that the processing of the VP1-TMEV 2A bond is less affected than the processing of the VP1-∆2A bond. Since the mechanism of picornaviral replication indicates an excessive production of capsid protein compared to progeny (j)RNA strands (Rueckert, 1996) , the decrease in chimeric virus production may be only partially caused by the hampered processing of the VP1-2A junction. Analysis of viral RNA and protein synthesis during virus infection revealed that the chimeric virus demonstrated a similar reduction to that seen in the 2A deletion mutants in viral RNA and protein synthesis. The results obtained in this study suggest that the activity of mengovirus The results presented here show that the cardiovirus 2A protein is involved in either virus translation or replication, in which 2A activity seems to increase virus production two-to fourfold. The results also confirm that the processing cascade of L-P1-2A occurs sequentially and seems to be regulated by subsequent conformational transitions of the cleavage products after each proteolytic event. The sequential release of the nonstructural 2A polypeptide may be essential in the context of its function in virus translation or replication during later stages of the virus replication cycle.
